Abstract: Density functional theory DFT (PBE0) with basis set aug-cc-pV(Q+d)Z has been used to compute molecular structures, electric dipole moments and hardnesses of ground and selected electronic excited states of sulfur trioxide. Vertical excitation energy and oscillator strength are given for each state at the same level of theory. With the use of the time-dependent TD-B3LYP/augcc-pVQZ approach, static linear and nonlinear optical (NLO) properties were studied. Ground state properties, excited states, and transition states were modeled using DFT/PBE0, CIS and CIS(D) and QST2 and QST3 respectively. Geometrical and electrical properties of ground and excited states have been presented. Four local minima structures of SO 3 were distinguished in addition to SO 3 (D 3h ) global minimum where the C S symmetry square one is the least stable. CIS and CIS(D) calculations revealed insignificant variations in geometrical parameters among triplet and singlet excited states of the global minimum. It is observed that the state of minimum polarizability and hyperpolarizabilities is associated with the geometry of minimum energy content. The impact of symmetric stretching frequency on the mean dipole polarizability <α> and anisotropy ∆α of the global minimum isomer have been fitted to a fourth order Taylor series expansion. Our calculated values of n n e
Introduction
The prototypical symmetric SO 3 is an important molecule both industrially and environmentally and thus has been a subject of theoretical and experimental interest at both ground and excited states [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In addition, it is of astronomical importance as a consequence of its presence on the planet Venus and Jupiter's moon Io 19, 20 .
Upon condensation of pure gaseous SO 3 molecule at 27 o C, a meta-stable colorless cyclic trimmer γ-SO 3 , is formed which is eventually converted to the stable 21 fibrous α-SO 3 . While oxidation of SO 2 leads ultimately to the production of sulfuric acid H 2 SO 4 , the photolysis of H 2 SO 4 leads to the formation of SO 3 which, in turn, suffers further photolysis yielding SO 2 gaseous molecule 22 .
RESEARCH ARTICLE

782
Chem Sci Trans., 2013, 2(3), [781] [782] [783] [784] [785] [786] [787] [788] [789] [790] [791] [792] [793] [794] [795] [796] Gaseous sulfur trioxide, one of the primary pollutants in the acid rain, is an aggressively hygroscopic, highly reactive oxidant and hypervalent triangular planar molecule with D 3h symmetry as predicted by Valence Shell Electron Pair Repulsion Model, electron diffraction studies and dielectric measurements 5, 6 . Henfrey and Thrush have reported consistent vibrational spectra of SO 3 with the well established D 3h symmetry 7 . Geometrical data concluded by electron diffraction included 141.8 pm and 119. 4 o C for S -O bond distance and OSO bending angle respectively 8, 9 . Ortigoso et al. reported a value of 141.7 pm for the bond distance of the molecule in concern 10 . The shortness of the S-O bond distance is attributed to the back bonding overlap of oxygen pπ to the sulfur vacant dπ orbitals. The electronic ground state 1 1 X A % of SO 3 molecule 22 has the electronic configuration Harmonic frequencies, in addition to geometry and heat of atomization of SO 3 , were investigated theoretically by Martin using coupled cluster with single, double, and perturbed triple excitation with Martine-Taylor basis set (CCSD(T)/MTcore). The values of the bond distance, atomization energy and the four vibrational fundamentals reported by Martin 17, 18 . Vertical excitation energies and oscillator strengths of the lowest energy electronic transitions of SO 3 were studied theoretically by Robinson et al. who found that the electronic transitions of SO 3 calculated with the multireference configuration interaction (MRCI) method are consistent with the experimental results
22
. The electric dipole moment of a molecule plays a crucial role in structural chemistry. This parameter is expected to have different values in different excited states, due to possible changes in nuclear rearrangements and redistribution of electron charge density.
When a molecule is subjected to an external electric field E the molecular charge density may rearrange, hence the dipole moment may changes. The influence on the dipole moment could be described mathematically by equation (1) 23 :
Here µ e , j is the j th Cartesian component of the dipole moment, µ e , j(O) is the dipole in the absence of a field and µ e , j (E) is the dipole moment in the presence of a field. The nine independent quantities α ij define the dipole polarizability tensor and β ijk and γ ijkl are the first and the second members of an infinite number of dipole hyperpolarizability tensors. While γ occurs for both centrosymmetric and non-centrosymmetric media, β vanishes for centrosymmetric groups. One would notice a weak component β µ directed along the applied electric field for systems with β ≠ 0 defined as β vec 24 . The average molecular polarizability <α>, anisotropy ∆α and average hyperpolarizabilities β and γ descriptors are calculated utilizing the following expressions: 
Chemical hardness η is defined in terms of the theory of the density functional as the second derivative of the total electronic energy with respect to the number of electrons in the system while external potential is maintained constant 25 . Besides, η could be expressed in terms of vertical ionization energy and electron affinity in the form of energy gap between frontier orbitals; the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) where 26 ,
As a consequence of its multilateral importance and in extension to our previous 27 study of SO 2 , ground and excited states of SO 3 will be investigated theoretically to provide more insight on its geometry, electrical and optical properties. 32 and LSDA 33 ) in combinations with six different basis sets (6-311++G(3d,3pd), 6-311++G(3df,3pd), DGDZVPZ, SDD, aug-ccpVQZ and aug-cc-pV(Q+d)Z) in attempt to assign the most appropriate functional/basis set combination for the calculations in this study. The static electronic polarizability of SO 3 (D 3h ) isomer has been calculated as a numerical derivative of the dipole moment using the finite field method 34 in the presence of a step-size 0.001 au electric field along the Cartesian axis at the same afore mentioned functional/basis set combinations utilizing the optimized wave functions. Furthermore, polarizability of SO 3 (D 3h ) isomer has been computed with TD-B3LYP/aug-cc-pV(Q+d)Z where the fully optimized PBE0/aug-cc-pV(Q+d)Z extracted wave function has been used as the input data for polarizability calculations. The notation that will be used to represent that is TD-B3LYP/aug-cc-pV(Q+d)Z// PBE0/aug-ccpV(Q+d)Z.
Computational details
The generalized-approximation exchange-correlation functional of Perdew, Burke and Ernzerhof, PBE0 30, 31 , in combination with the sophisticated standard Dunning's correlation consistent quadruple-zeta augmented basis set with diffuse functions, aug-ccpV(Q+d)Z 35 , proved to be the most reliable choice of them to be employed in this study for geometrical optimizations unless otherwise stated. Thus molecular geometries of all structures involved in the study were fully optimized in the gas phase using internal coordinates at the PBE0/aug-cc-pV(Q+d)Z level of theory. Optimized geometries of all structures were confirmed to be minima on the potential energy surface as revealed by inexistence of imaginary frequencies. Energy calculations were performed with single point energy calculations utilizing the fully optimized geometries; PBE0/aug-ccpV(Q+2df)Z// PBE0/ aug-cc-pV(Q+d)Z and then chemical hardness were calculated. Bond critical points were calculated using AIM2000 36 , utilizing the Gaussian 09 extracted wave functions.
Transition structures between SO 3 isomers were examined using quadratic synchronous transit (QST2) with the same level of theory; PBE0/aug-cc-pV(Q+d)Z. On QST2 failure, quadratic synchronous transit-guided quasi-Newton approach (QST3) was the alternative where a first guess of the transition state was included. The stationary points were verified as first order saddle points and thus energy barriers between sulfur trioxide isomers were calculated. The reaction path was followed by means of internal reaction coordinate (IRC) with a maximum number of 20 points on each side of the path and step size 0.3 amu -0.5 bohr where geometry is optimized at each point along the reaction path using the same aug-ccpV(Q+d)Z basis set.
The lowest ten singlet and triplet excited states were optimized with the configuration interaction single-excitation CIS/aug-cc-pV(Q+d)Z and CIS(D)/aug-cc-pV(Q+d)Z methods in an iterative procedure until the lowest energy of desired excited states were determined 37, 38 . Time-dependent density functional of Becke three-parameter hybrid functional of Lee, Yang and Parr 28, 29 , is employed to probe the static polarizability and the static first and second-order non linear optical NLO properties, TD-B3LYP/aug-cc-pV(Q+d)Z//PBE0/augcc-pV(Q+d)Z. All of the TD-B3LYP calculations have been carried out using Firefly modeling software 39 . The aug-cc-pV(Q+d)Z basis set for sulfur/oxygen corresponds to (17s,12p,5d,3f,2g)/(14s,8p,5d,4f,3g) primitive set contracted to [7s,6p,5d,3f,2g]/[7s,6p,5d,4f,3g] basis functions; (89 and 105 contracted base functions, respectively), adding up to 404 basis functions for the entire molecule.
Atomic charges were calculated using natural population analysis 40 . The impact of symmetric stretching frequency on linear optical susceptibility and anisotropy of the ground state global minima isomer was examined using PBE0/aug-cc-pV(Q+d)Z and B3LYP/augcc-pV(Q+d)Z level of theories around the equilibrium bond length (R e ) with ∆R = Ri-Re = ± 5.0 pm. The Gaussian 09 series 41 of programs employed for the ab initio calculations were run on an Intel(R)Core(TM)i7 PC.
Results and Discussion
Level of theory selection
All functional/basis set combinations predicted zero electric dipole moment and 120 o for the OSO bending angle of the ground state SO 3 (D 3h ) isomer. Bond length and electric polarizability estimated are presented in Table 1 . The bond distance prediction experienced significant variation with different functionals with the same basis set. PBE0 and MPW91 functionals with the sophisticated aug-cc-pvqz basis set provided S-O bond distance 142.3 pm and 142.2 pm respectively; 0.5 pm and 0.4 pm larger than the experimental value 8, 9 . The S-O bond length was found to have magnitude of 141.78 pm at the two previously indicated functionals upon inclusion of the tight d function aug-cc-pV(Q+d)Z which in excellent agreement with experimental bond distance 8, 9 predicted by both Bell et al. 42 and Martin 13 . Deviations in both cases from the experimental value have been almost completely eliminated. Table 1 . SO 3 global minima bond length in pm and polarizability in au at different functional/basis set combinations The same aforementioned functionals predicted a value of 28.190 au and 28.082 au with the aug-cc-pVQZ for the static polarizability where the first value is in excellent agreement with the experimental value (28.212 au) 43 . However, the inclusion of the tight d function slightly lowered polarizability invariant 27.909 au and 27.798 au with 1.07% and 1.47% deviation from the experimental value.
Bond distance and polarizability prediction by B3LYP and LSDA with all basis sets involved showed large deviation from the experimental values as it is obvious from Table 1 . However, Deviations of <α> with B3LYP and LSDA were reduced from 2.50% and 5.10% to 1.39% and 3.96% respectively as a consequence of the addition of the d function to the basis set aug-cc-pvqz. Deviation in bond distance calculation with the same functional with aug-cc-pV(Q+d)Z basis set, showed tangible improvement where deviation from experimental value has been reduced from 1.0% to 0.5%.
It is found that the S-O bond length varied between 142.2 and 143.2 at the cc-pVQZ basis set with all functionals, which is larger than the experimental S -O bond distance 141.8 pm. The polarizability was found to have magnitude between 24.493 au and 26.642 au at the cc-pVQZ basis set, which is much less than the corresponding experimental polarizability 28.212 au.
The S -O bond length predicted by the PBE0/cc-pV(Q+d)Z is 11.84 pm, which is in excellent agreement with the experimental value. Yet, the polarizability that has been estimated at this level of theory (28.858 au) deviates largely from the experimental polarizability (8.3%). Similar results have been obtained by the MPW91/cc-pV(Q+d)Z level of theory.
The S -O bond distance estimation was 142.5 pm by the calculations conducted at the B3LYP/cc-pV(Q+d)Z and LSDA/ cc-pV(Q+d)Z level of theories, which is larger than the corresponding experimental value. The polarizability calculated value deviated by 1.39% and 3.96% at the same level of theories, respectively.
One more thing that could be remarked that the bond length prediction with each of PBE0/6-311++G(3df,3pd) and MPW91/6-311++G(3df,3pd) level of theories was in excellent agreement with that of the aug-cc-pV(Q+d)Z. To the contrary, <α> prediction was significantly lower-estimated with these level of theories.
It worth indicating that the geometrical parameters computed by PBE0/aug-ccpV(Q+d)Z are exactly equal to those predicted by the large basis set aug-cc-pV(5+d)Z at the same DFT(PBE0) level of theory conducted by us as an extension to this work.
As a consequence of that the PBE0/aug-cc-pV(Q+d)Z level of theory will have been employed to fully optimize all isomers included in this study. The calculated electronic energies and zero point energies with all functional/basis set combinations are presented in the supplementary materials, Table 2 . As an extension to polarizability calculations, polarizability of SO3 (D 3h ) has been computed with the Firefly software at the TD-B3LYP/aug-cc-pV(Q+d)Z utilizing the PBE0/aug-cc-pV(Q+d)Z wave function. The calculated value is 28.314 au which is in excellent agreement with the experimental value (28.212 au). Deviation in polarizability has been reduced from 1.07% calculated with PBE0/aug-cc-pV(Q+d)Z//PBE0/aug-cc-pV(Q+d)Z to 0.4%. As a consequence of this result, polarizability and the NLO properties will have been calculated at the TD-B3LYP/aug-cc-pV(Q+d)Z level of theory with the Firefly software utilizing the wave function predicted by the PBE0/aug-cc-pV(Q+d)Z level of theory using the Gaussian 09 series of programs.
Vibrational calculations with the PBE0/aug-cc-pV(Q+d)Z which giving rise to four vibrational modes designed as symmetric stretching ( ) 
Molecular structures of SO 3 isomers
Four different local ground state stationary isomers each with C S point group symmetry in addition to the SO 3 (D 3h ) one were located, as illustrated in Figure 1 for square isomer to 95.33 kcal mol -1 for the cyclic one. This is in accordance with the bond critical point (BCP) calculations conducted using AIM2000 program software. BCPs were shifted toward higher potential sites in all isomers reflecting higher electron density at the more electronegative oxygen atoms. Figure 2 provides the molecular graphs of the D 3h , cis and the square isomers where the BCPs denoted as large red dots along the bonds baths constituting the molecular graphs. Obviously, BCPs act as gateways between bonded atoms where the charge densities reach maxima along the planes tangentional to the interaction surfaces and minima along the orthogonal directions. One important comment emanating from the Figures 2 II and 2 III is that the bond baths are not necessarily straight lines due to the significant curvatures in S-O bond baths. These curved bond baths are consistent with the concept of bonds strain. While the hardness values of the transition states are less than the corresponding values of the ground state isomers, polarizability values are proved to be larger for the transition states as it would be expected. This behavior could be rationalized in terms of energy content where the transition states are more energetic.
Electric properties of SO 3 isomers
Linear and nonlinear optical properties in atomic units in addition to the estimated electric dipole moments of SO 3 isomers are listed in Table 5 . Table 5 . TD-B3LYP/aug-cc-pV(Q+d)Z//PBE0/aug-cc-pV(Q+d)Z prediction of the electric properties of SO 3 isomers; dipole moment µ e in D, average polarizability <α> in au, anisotropy ∆α in au and average hyperpolarizabilities β and γ in au Obviously, polarizability descriptors vary among the isomers, yet, with no apparent trend. On the other hand, hyperpolarizability invariants, β and γ , reflected a regular change, in consistency with the isomers stability where the SO 3 (D 3h ) isomer bears the minimum value of either β or γ and the maximum values are recorded for the least stable square isomer. Theoretical obtained values of static linear and nonlinear optical properties of these isomers could not be compared with the corresponding experimental or theoretical values due to lack of the corresponding experimental or theoretical values, according to the best of our knowledge. The only data that has been found is that of <α> of the D 3h global minima 43 where our calculated value is in great accordance with it.
While the trans isomer evidently provided the highest α xx component (69.537 au) the cis one showed the maximum in α yy (54.885 au). This behavior has reflected positively on ∆α, deviation from spherical symmetry, where it is relatively large for the cis and trans isomers (27.497 au and 44.022 au respectively). On the other hand ∆α varied insignificantly in the case of D 3h , cyclic and square isomers. The relative increase of <α> relative to D 3h isomer: D 3h < cyclic (2.568 au) < square (5.320 au) < cis (10.330 au) < trans (12.3979 au).
Its found that the magnitude of β is zero for D 3h isomer. This behavior could be attributed to the high symmetry of the D 3h isomer where β value vanishes for high centro-symmetric structures. The other isomers showed tangible variation in β where the largest value ( 607.4au β = ) has been noticed for the square isomer. We found that the relative increase in β relative to the D 3h isomer is: D 3h < cyclic (222 au) < trans (303 au) < cis (380 au) < square (607 au).
Calculations have shown that the SO 3 (D 3h ) isomer displays the smallest γ value (2473.4 au) among all other isomers according to B3LYP/aug-cc-pV(Q+d)Z calculations. The maximum value of γ (7382.4 au) was found associated with the square isomer. The relative increase in γ according to our calculation with respect to that of the D 3h isomer is: D 3h < cyclic (1678 au) < cis (2809 au) < trans (3101 au) < square (4909 au).
Global minimum SO 3 (D 3h ) isomer
Vibrational contribution to the
It is well known that vibrational contributions to polarizabilities can be significant 45 . Additionally, the electric property derivatives are of major importance in spectroscopic investigations. Whereas dipole polarizability derivatives find applications in estimation of vibrational intensities 46 , non linear hyperpolarizability derivatives are associated with vibrational hyper-Raman intensities 47 . In order to make estimation, anisotropy and dipole polarizability principal components (R-R e ) dependence were investigated with respect to the symmetric S = O bond length change (R) around the equilibrium bond distance (R e ) at the PBE0/aug-cc-pV(Q+d)Z level of theory. We found that Cartesian components, average molecular polarizability and anisotropy are smoothly varied as it is depicted in Figure 4 . Besides, the longitudinal polarizability component α xx varies more rapidly with S = O symmetric stretching than the transversal one α zz . R-dependence of the invariants of the linear optical polarizability around R e is conveniently represented by the equations: 
Excited states of SO 3 (D 3h )
Excited states were modeled in this work by CIS and CIS(D) models. In CIS 37 , we consider every possible single excitation that can be formed by excitation from the electronic ground state of doubly occupied orbital to the virtual orbital. Inner shells are usually frozen for this procedure.
The CIS(D) 38 , which is a perturbation treatment based on CIS model, was proposed as a correction to CIS through the introduction of the effect of double substitutions into the CIS wave function. One performs the CIS calculations and then add the CIS(D) correction to the excitation energies.
Transition intensity from a ground state (g) to an excited one (e) has been expressed in this work in terms of oscillator strength f eg 
Where v eg is the excitation frequency, µ eg is the transition dipole moment such that Table 6 . Geometry of excited states of SO 3 (D 3h ) Table 7 presents various bond distances R in pm, bending angles and Mulliken charges of the selected triplet and singlet excited states. In general, insignificant changes in geometrical parameters were found among the triplet and the singlet excited states. This could be attributed to the high symmetrical D 3h parent isomer and retention of centro-symmetric geometry of the selected excited states. Linear and nonlinear optical susceptibilities of the excited states calculated at CIS/aug-ccpV(Q+d)Z level of theory utilizing Firefly are provided in Table 8 . While these states show relative similarity in terms of polarizabilities and first order hyperpolarizabilities in the case of reported singlet and triplet excited states, they slightly differ in the second order hyperpolarizability invariant. The differences become more pronounced in the anisotropic calculations ∆ 1 γ and ∆ 2 γ; ∆ 1 γ=3γ zzzz -4γ xxxx +3γ xxzz and ∆2γ=γ zzzz +γ xxxx -6γ xxzz 49 To the contrary, excited states of each of the angular triatomic molecules SO 2 , O 3 and NO 2 23,50,51 , with C 2V point group of each have reflected substantial differences in terms of geometrical structures and symmetrical point group. Each excited state of these prototype molecules has a definite linear and NLO properties differ from that of the others. Table 8 . The static linear and nonlinear optical properties of the given excited states in au as calculated by the TD-B3LYP/aug-cc-pV(Q+d)Z//CIS/aug-cc-pV(Q+d)Z level of theory 
Conclusion
In the present study, ground and excited states of sulfur trioxide have been investigated with the expensive PBE0/aug-cc-pV(Q+2df)//PBE0/aug-cc-pV(Q+d)Z level of theory using Gaussian 09, PCGAMESS, MOLEKEL and AIM2000 packages. Four different local minima geometrical structures in addition to the global minima D 3h isomer were located on the potential energy surface. Molecular surface electrostatic potential and bond critical point calculations showed that V S , min and V S,max are located at the oxygen and sulfur sites respectively. Linear and nonlinear optical properties and hardness of the titled isomers calculations lead to the observation that the state of minimum polarizability, hyperpolarizabilities and maximum hardness are associated with the geometry of minimum energy content. The PBE0/aug-cc-pV(Q+d)Z dipole polarizability and anisotropy variation around R e is adequately presented by Taylor expansion. The striking features regarding the triplet and singlet excited states are that of similarity in both geometrical and electronic parameters at the level of theory employed in this investigation.
